Liu R. Shear stress blunts tubuloglomerular feedback partially mediated by primary cilia and nitric oxide at the macula densa. Am J Physiol Regul Integr Comp Physiol 309: R757-R766, 2015. First published August 12, 2015 doi:10.1152/ajpregu.00173.2015.-The present study tested whether primary cilia on macula densa serve as a flow sensor to enhance nitric oxide synthase 1 (NOS1) activity and inhibit tubuloglomerular feedback (TGF). Isolated perfused macula densa was loaded with calcein red and 4,5-diaminofluorescein diacetate to monitor cell volume and nitric oxide (NO) generation. An increase in tubular flow rate from 0 to 40 nl/min enhanced NO production by 40.0 Ϯ 1.2%. The flowinduced NO generation was blocked by an inhibitor of NOS1 but not by inhibition of the Na/K/2Cl cotransporter or the removal of electrolytes from the perfusate. NO generation increased from 174.8 Ϯ 21 to 276.1 Ϯ 24 units/min in cultured MMDD1 cells when shear stress was increased from 0.5 to 5.0 dynes/cm 2 . The shear stress-induced NO generation was abolished in MMDD1 cells in which the cilia were disrupted using a siRNA to ift88. Increasing the NaCl concentration of the tubular perfusate from 10 to 80 mM NaCl in the isolated perfused juxtaglomerular preparation reduced the diameter of the afferent arteriole by 3.8 Ϯ 0.1 m. This response was significantly blunted to 2.5 Ϯ 0.2 m when dextran was added to the perfusate to increase the viscosity and shear stress. Inhibition of NOS1 blocked the effect of dextran on TGF response. In vitro, the effects of raising perfusate viscosity with dextran on tubular hydraulic pressure were minimized by reducing the outflow resistance to avoid stretching of tubular cells. These results suggest that shear stress stimulates primary cilia on the macula densa to enhance NO generation and inhibit TGF responsiveness. macula densa; primary cilia; nitric oxide; tubuloglomerular feedback THE MACULA DENSA IS A GROUP of specialized epithelial cells located at the distal segment of the thick ascending limb (TAL) that serves as a sensor of luminal NaCl concentration. Increased NaCl delivery to the macula densa promotes the release of adenosine or ATP, which constricts the afferent arteriole (Af-Art) and decreases single nephron glomerular filtration rate (SNGFR) via a process known as tubuloglomerular feedback (TGF) (2, 37, 57). TGF is a negative feedback mechanism to prevent fluctuations in GFR and flow in the proximal tubule to deliver excess NaCl to the distal nephron and overwhelm its transport capacity.
Following acute volume expansion or the ingestion of a sodium load, increases in GFR facilitate the rapid elimination of salt load (29, 40) . Baroreflex suppression of renal sympathetic tone and the renin-angiotensin system also contribute to the increase in sodium excretion by inhibiting proximal tubular reabsorption (6, 22) . All of these factors result in a large increase in flow to the macula densa, which should trigger a TGF-mediated decrease in GFR that opposes the elimination of the sodium load. However, this decrease in GFR does not occur, partially because of inhibition of TGF responsiveness. Modulation of TGF response following volume expansion should be important in maintaining extracellular sodium and volume balance (42, 52, 53) . Indeed, GFR typically increases by 20 -30% in humans (4) and in dogs (10) during the postprandial period. Daily salt excretion peaks during the postprandial increase in GFR (21) . In these situations, especially following ingestion of a salt load, reduced TGF responsiveness permits high distal NaCl delivery, which could facilitate the excretion of NaCl. The mechanisms for this TGF modulation have not been clarified.
Normal luminal flow rate in the distal tubule is about 2-7 nl/min, but it can be temporally reduced to 0 nl/min in salt and volume depletion, and it increases to 25-37 nl/min following acute volume expansion (11, 20, 43) . In physiological conditions, increase of tubular flow to the macula densa activates TGF by increasing NaCl delivery (44) . However, it also increases shear stress, stretch, and transmural pressure (54, 59) ; therefore, it possibly activates mechanosensors and other pathways that might modulate TGF responsiveness. The modulation of TGF responsiveness may depend, in part, on increased nitric oxide (NO) production (41, 48, 58) , but the source and mechanism for the increase in NO are not known. Primary cilia extend from the surface of many eukaryotic cells (8, 36, 61) . While the function of the primary cilia on most cells has remained elusive, they are known to serve as mechanosensors in the mammalian kidney and vascular endothelial cells (8, 36, 61) . Primary cilia have been found on the macula densa cells of humans, rats, rabbits, and dogs (17, 33, 47, 50, 56) . Little is known about their function (47) . The present study examined the hypothesis that primary cilia on macula densa cells serve as a flow sensor to activate NOS1 activity and enhance NO generation, which inhibits TGF responsiveness.
METHODS
All procedures and experiments using rabbits were approved by the Institutional Animal Care and Use Committees at the University of South Florida College of Medicine and University of Mississippi Medical Center.
Isolation and microperfusion of the rabbit Af-art with attached macula densa. Af-Art with attached macula densa was isolated and perfused, as we previously described (27, 49) . Briefly, young male New Zealand White rabbits (1.5 to 2.0 kg) were anesthetized with pentobarbital sodium (40 mg/kg iv) and then injected with heparin (500 U iv). The kidneys were removed and sliced along the corticomedullary axis. Slices were placed in ice-cold MEM (Gibco, Grand Island, NY) containing 5% BSA and dissected under a stereomicroscope (SMZ 1500; Nikon). From each rabbit, a single superficial Af-Art and its intact glomerulus were microdissected together with adherent tubular segments consisting of portions of the TAL of the loop of Henle, macula densa, and the early distal tubule. Microdissection of each juxtaglomerular apparatus (JGA) was completed within 30 min at 8°C. The preparation was then transferred into a temperature-regulated perfusion chamber mounted on an inverted microscope (Eclipse TI; Nikon) equipped with Hoffmann modulation, digital charge-coupled device (CCD) camera (CoolSnap; Photometrics), xenon arc lamp (LB-LS/30; Shutter Instruments), and optical filter changer (Lambda 10-3; Shutter Instruments). The perfusion bath was gradually warmed to 37°C and perfused with MEM at 1 ml/min.
Both the Af-Art and the end of either the distal tubule or TAL were cannulated with an array of glass pipettes. The Af-Art was perfused with MEM, and intraluminal pressure was maintained at 60 mmHg throughout the experiment. The tubule was perfused with a solution, which is composed of (in mM) 10 HEPES; 1.0 CaCO 3, 0.5 K2HPO4, 4.0 KHCO 3, 1.2 MgSO4, 5.5 glucose, 0.5 Na acetate, 0.5 Na lactate, L-arginine 0.5, and either 80 or 10 NaCl; pH was adjusted to 7.4. The tubule was perfused at 20 nl/min with a microperfusion pump, unless otherwise indicated. A 30-min equilibration period was allowed before taking any measurements.
In some experiments, the viscosity of the tubular perfusate was increased by adding a high molecular weight dextran (MW: 200,000; MP Biomedicals, Solon, OH) to a perfusate containing a highconcentration (80 mM) NaCl solution (28, 51) . Viscosity was measured at 37°C with a glass capillary viscometer (Cannon Instrument, State College, PA). Osmolalities of the solutions without dextran were adjusted with mannitol to achieve the same osmolality as the solution with dextran.
In other experiments to determine the role of NOS1 in mediating the effects of shear stress on NO generation or TGF responses, we measured NO or TGF responses before and after the addition of a selective NOS1 inhibitor 7-nitroindazole (7-NI) (10 Ϫ5 M) for 15 min to the tubular perfusate of isolated perfused JGA.
Measurement of cell volume and NO in isolated perfused macula densa. Cell volume and NO production in macula densa cells were measured simultaneously using cell-permeant fluorescent volume indicator calcein red-AM and NO indicator 4, 5-diaminofluorescein diacetate (DAF-2 DA), as described previously with modifications (24, 26) . Briefly, once the TAL was perfused, the macula densa was loaded with 10 M DAF-2 DA from the lumen for 30 min and then washed with 10 mM NaCl for 10 min at 37°C. Next, the macula densa was loaded with 2 M calcein-red-AM from the lumen for 10 min and washed with 10 mM NaCl for 10 min at 37°C. The luminal perfusate was then switched to 80 mM NaCl solution for 15 min and stopped for 5 min for measurement as basal. Fluorescent images of macula densa were recorded for 5 min in the absence of tubular flow to serve as the baseline control. Then, the images were collected again for 5 min when the tubule was perfused at 40 nl/min with an 80 mM NaCl solution. Emission of DAF-2 and calcein-red from macula densa were sampled at 0.2 Hz by exciting DAF-2 at 490 nm and calcein-red at 560 nm sequentially. Emissions were captured with a digital CCD camera through two band-pass filters centered at 530 nm and 610 nm, respectively. Collected images were displayed and analyzed with NIS-Elements imaging software (Nikon). Regions of interest (ROIs) were defined within the cytoplasm of macula densa cells. The mean intensity of each ROI from both spectral windows was measured for 5 min in each experimental period retrospectively. Relative changes in DAF-2 and calcein-red fluorescence intensity were calculated by percentage changes from basal fluorescence intensity. NO concentration was expressed as changes in relative DAF-2 intensity after correcting for the changes of cell volume (calcein-red emission) using the following equation: NO ϭ [(F2 Ϫ F 1)·100/F1]·V2; where F1 is DAF-2 intensity without flow and F2 is DAF-2 intensity with flow. V2 is the relative volume with flow measured with calcein-red.
Measurement of intracellular pH in isolated perfused macula densa. Macula densa intracellular pH (pH i) was measured ratiometrically after the tubules were perfused with 5 M 2=,7=-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF)-AM for 15 min, as we described previously (23, 24) . The luminal perfusate was switched to 80 mM NaCl solution for 15 min to wash out the loading solution and then stopped for 5 min for measurement of macula densa pH i under a no-flow condition. After that, the luminal perfusate was switched to 40 nl/min, and pH i was measured again. BCECF was excited alternatively at 440 nm and 490 nm, and emission was collected at 540 nm. The emission ratio was calibrated at the end of each experiment. pH i was monitored with the same protocol of changing tubular flows as described in the measurement of NO.
Identification of primary cilia on macula densa cells in the isolated perfused JGA and MMDD1 cells. We detected primary cilia on macula densa with immunofluorescence in the isolated perfused rabbit JGA and on MMDD1 cells. Briefly, the JGA was mounted, and the TAL was cannulated and perfused for 30 min. Then the macula densa was fixed by adding 4% paraformaldehyde in PBS to both bath and lumen for 30 min and washed for 10 min by adding Tris-buffered saline Tween-20. The sample was permeabilized and blocked with 0.1% Triton X-100 and 3% BSA for 60 min. Cilia were immunolocalized by perfusing a primary antibody against acetylated tubulin for 60 min (Santa Cruz 6-11B-1; 1:800), and then an Alexa Fluor 488-conjugated goat anti-mouse IgG secondary antibody for 30 min (Invitrogen; 1:400). Cilia on the macula densa were visualized with fluorescence microscopy. The same protocol was used to immunolocalize the cilia on MMDD1 cells. Negative control was obtained by omitting the primary antibody.
Cell culture and NO measurement in MMDD1 cells. Experiments were also performed using MMDD1 cells, a macula densa-like cell line (kindly provided by Dr. J. Schnermann, National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD) (5, 13, 60) . Similar to the protocols that were described previously (12, 63, 64) , MMDD1 cells at passages 20 -25 were cultured on sterilized coverslips in DMEM nutrient mixture-Ham's F-12 (DMEM/F12, supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin) and incubated in a humidified atmosphere of 95% room air and 5% CO2 at 37°C. After the cells reached 70 -80% confluence, they were loaded with 10 M DAF-2 DA for 30 min in MEM. Then, the coverslips were transferred to a glass chamber to be mounted on the stage of an inverted microscope, and temperature was maintained at 37°C. The chamber was perfused with MEM that was continuously exchanged at a rate of 1 ml/min. DAF-2 was excited at 490 nm, and emission was collected at 510 -550 nm. ROIs were defined within the cytoplasm of the cells, and mean intensity of ROIs was sampled at 0.2 Hz with background correction. The rate of increase in fluorescence intensity was calculated (increase of units/min). After a 20-min equilibration period, NO was measured for 5 min at shear stress of 0.5 dynes/cm 2 . Then shear stress was increased to 5.0 dynes/cm 2 for 10 min, and the change in the rate of rise of NO fluorescence was measured again for 5 min. Timed control experiments were performed using the same protocol without changing the shear stress.
Effect of shear stress on NO generation in MMDD1 cells. A circular flow chamber system (Glyco Tech, Gaithersburg, MD) was used to quantitatively increase shear stress, and NO generation in MMDD1 cells was measured. MMDD1 cells were subcultured on coverslips for 24 h. The coverslips were sealed in the flow chamber, which was connected with a pump. Shear stress was adjusted by changing the flow rate in the chamber.
Preparation of small interfering RNA (siRNA). Primary cilia function was disrupted by knocking down the expression of the ift88 gene with a siRNA. MMDD1 cells were transferred onto six-well plates (about 5 ϫ 10 5 cells per well) and incubated for 24 h before transfection. A siRNA targeting ift88 (sequence: 5=-AAAG GUCG UCCU CAUC UGUU UCUG G-3=) or a scrambled control siRNA (Invitrogen) was transfected into cells using XtremeGene (Roche Molecular Systems, Alameda, CA), according to the manufacturer's instructions. The final concentration of siRNAs in the bath was 30 nM. The medium was changed 24 h after transfection, and the flow experiments were performed at 48 h. The effectiveness of the siRNA was confirmed by measuring the expression of ift88 mRNA using real-time PCR and by immunofluorescence imaging of primary cilia.
Real-time PCR measurement. RNA was extracted from MMDD1 cells using TRIzol reagent (Life Technologies, Carlsbad, CA), and then mRNA was prepared using Pure-Link RNA mini kit (Life Technologies). All RNA preparations were treated with DNase 1 (Life Technologies). After quantification of the RNA concentrations, the samples were reverse-transcribed with an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Quantitative PCR analysis was performed using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) and CFX96 real-time detection system (Bio-Rad). The real-time PCR reactions contained 1 l of the RT reaction and 0.1 M of the forward and reverse primers in 25-l volume. The cycling conditions were 1 cycle at 95°C for 3 min, followed by 40 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. The relative expression of the target genes were compared using the delta CT method. Following were the primers used to amplify the target genes: ift88 forward (F) 5=-AGGC ACCA TCCA TCAC CTT-3= and reverse (R) 5=-TGGA AAAG TGCT TGCC TTGC-3=; NOS1: F 5=-ATGA AGTG ACCA ACCG CCTT-3= and R 5=-CGTG TGTG TCCC CGTT TAGT-3=. ␤-actin was used as a housekeeping gene. Statistical analysis. Mean values Ϯ SE are presented. The significance of differences in mean values between and within groups were determined by ANOVA for repeated measures and a post hoc Fisher LSD test or a paired t-test where appropriate. A P Ͻ 0.05 was considered to be statistically significant.
RESULTS

Tubular flow enhances NO generation by the macula densa.
We first examined whether tubular flow enhances NO generation in the macula densa. To correct the volume effect on 4,5-diaminofluorescein (DAF-2) emission, calcein red was used as a cell volume marker. When tubular flow was increased from 0 to 40 nl/min, the calcein red intensity decreased from 428.1 Ϯ 4.2 to 380.0 Ϯ 4.1 arbitrary units (AU), which was an 11.3 Ϯ 0.3% increase in cell volume. In contrast, the DAF-2 signal increased from 124.2 Ϯ 0.8 to 168.7 Ϯ 1.3 AU at the same time, which indicated a 35.9 Ϯ 0.7% increase (Fig. 1) . After correcting for the change in cell volume, NO generation increased by 40.0 Ϯ 1.2% (P Ͻ 0.05 vs. no flow; n ϭ 7; Fig.  2 ), indicating tubular flow enhanced NO generation.
Flow-induced NO production is dependent on NOS1 but not NKCC2. 7-NI was used to determine whether flowinduced NO production is mediated by NOS1 in the macula densa. 7-NI (10 Ϫ5 M) was added to the tubular perfusate for 15 min. Then tubular flow was switched to 0 nl/min for 5 min, and the baseline NO signal was determined. When tubular flow was increased to 40 nl/min, NO generation only increased by 4.3 Ϯ 9% (n ϭ 5; Fig. 2 ) after the tubule was treated with 7-NI.
Previously, we and others found that increases in NaCl concentration of the perfusate could enhance NO generation in the macula densa (19, 26) by increasing intracellular pH (23) . To determine whether the present flow-induced increase in NO production requires NKCC2 activity, furosemide (10 Ϫ4 M) was added to the perfusate, as described above. When tubular flow rate was increased from 0 to 40 nl/min, furosemide had no effect on the flow-induced NO generation, which increased by 47.4 Ϯ 13% (P Ͻ 0.05 vs. no flow; n ϭ 6; Fig. 2) .
To test whether the increase of tubular flow and not NaCl concentration reaching the macula densa per se is sufficient to induce NO production, all electrolytes in the luminal perfusate were removed and replaced with mannitol to maintain the osmolality of the perfusate. When tubular flow rate was increased from 0 to 40 nl/min using a Na ϩ -free perfusate, NO generation still increased by 35.3 Ϯ 11% (P Ͻ 0.05 vs. no flow; n ϭ 4; Fig. 2) .
Tubular flow does not affect intracellular pH i of the macula densa. To test whether flow-induced NO production is associated with intracellular alkalization, macula densa pH i was measured using BCECF. When tubular flow rate was increased from 0 to 40 nl/min, there was no significant change in the pH i in the macula densa (n ϭ 5; Fig. 3 ). These data indicate that the flow-induced NO generation is involved in a different signal pathway from that which initiates a TGF response and independent of NKCC2 cotransporter and intracellular pH.
Shear stress enhances NO generation in MMDD1 cells mediated by primary cilia. Primary cilia were clearly visible on isolated perfused rabbit macula densa cells using immunofluorescence microscopy, as shown in Fig. 4A and on cultured MMDD1 cells, as shown in Fig. 4B . To test whether primary cilia are required for the shear stressmediated NO generation, siRNA against ift88 was used to disrupt formation of the primary cilia in MMDD1 cells. As shown in Fig. 4C , most of the primary cilia were deleted from MMDD1 cells after treatment with a siRNA for 24 h. The efficiency of silencing of the ift88 gene was determined by measuring the expression of ift88 mRNA with real-time PCR. The expression of ift88 mRNA fell by 93.7 Ϯ 4.5% in cells treated with siRNA vs. the levels seen in control cells treated with scrambled siRNA (n ϭ 8; Fig. 5 ).
The influence of shear stress on NO generation in MMDD1 cells was investigated by culturing MMDD1 cells in a circular chamber. When the shear stress increased from 0.5 to 5.0 Ϫ4 M) had no effect on flow-induced NO generation (n ϭ 6). When the electrolytes in tubular perfusate were replaced with mannitol (M), there was no significant difference between the tubular flowinduced NO and the control (n ϭ 4). dynes/cm 2 , NO generation increased from 174.8 Ϯ 21 to 276.1 Ϯ 24 units/min, which increased by 57.9 Ϯ 6.4% (P Ͻ 0.01 vs. 0.5 dynes/cm 2 ; n ϭ 17; Fig. 6 ). NO generation was significantly inhibited and only increased from 48.6 Ϯ 17 to 62.7 Ϯ 15 units/min in cells treated with an ift88 siRNA (P Ͻ 0.01 vs. control; Fig. 6 ).
To determine whether the siRNA or deletion of cilia has any effect on NOS1 expression, we measured NOS1 mRNA ex- Increase of shear stress by elevating viscosity blunts TGF response. To test the effect of shear stress on TGF responsiveness, we increased viscosity by adding dextran to the tubular perfusate while maintaining a constant tubular perfusion at 40 nl/min. Shear stress was calculated according to the equation for laminar flow of Newtonian fluid: (28, 51) ϭ 6Q/r 2 L, where is shear stress, is fluid viscosity, Q is flow rate, r is the radius of the tube, and L is tube length. We increased shear stress of tubular perfusate from 0.78 Ϯ 0.06 to 1.55 Ϯ 0.09 millipascal-second (mPa·s) by adding dextran. The TGF response was determined by measuring the vasoconstriction of Af-Art in response to an increase in the NaCl concentration of the tubular perfusate from 10 to 80 mM in the presence or absence of dextran.
Increased perfusate viscosity could increase tubular hydraulic pressure. However, the effect of viscosity on hydraulic pressure was minimized by reducing outflow resistance using a short length of TAL beyond the macula densa. To demonstrate this, tubular hydraulic pressure was measured and compared between long (about 90 m) and short (about 10 m) TALs of the JGAs perfused with and without dextran at 40 nl/min. The tubular hydraulic pressure was 11.8 Ϯ 0.7 mmHg when the JGA with long TALs were perfused without dextran, and it increased to 17.5 Ϯ 1.2 mmHg after adding dextran to the perfusate (P Ͻ 0.01 vs. without dextran; n ϭ 5). As shown in Fig. 6A when the long TAL was perfused with dextran, the tubule was obviously dilated compared with perfusion without dextran. In contrast, the tubular hydraulic pressure was 9.2 Ϯ 0.6 and 9.7 Ϯ 0.5 mmHg when the JGA was perfused with a short TAL segment without and with dextran (n ϭ 5; Fig. 7C ). Moreover, there was no obvious dilation to the tubule when short TAL was perfused with dextran ( Fig. 7B) .
We then compared the effects of increasing shear stress with dextran on TGF response in isolated and double-perfused JGAs. When the NaCl concentration of the perfusate was increased from 10 to 80 mM, the diameter of the Af-Art was reduced from 18.3 Ϯ 0.5 to 14.5 Ϯ 0.6 m. Thus, the TGF response was 3.8 Ϯ 0.1 m. After the addition of dextran to raise the viscosity of the tubular perfusate, the Af-Art constricted from 18.7 Ϯ 0.3 to 16.2 Ϯ 0.4 m, and the TGFmediated response was reduced to 2.5 Ϯ 0.2 m (P Ͻ 0.05 vs. without dextran; n ϭ 7; Fig. 8, A and B) .
To determine whether the shear-stress-induced TGF inhibition is mediated by NOS1 in the macula densa, we repeated the experiment in the presence of a selective NOS1 inhibitor 7-NI (10 Ϫ5 M). When the NaCl concentration of the perfusate was increased from 10 to 80 mM, the diameter of the Af-Art was reduced from 17.5 Ϯ 0.5 to 12.6 Ϯ 0.8 m, the TGF response was 4.9 Ϯ 0.3 m. In the presence of 7-NI, the addition of dextran to the tubular perfusate reduced the diameter of the Af-Art from 17.7 Ϯ 0.7 to 13.1 Ϯ 0.6 m, and the TGFmediated response was 4.6 Ϯ 0.4 m (n ϭ 4; Fig. 8, A and C) .
DISCUSSION
The present study examined whether modulation of tubular flow rate through increases in shear stress can affect the production of NO in the macula densa and blunt TGF responsiveness mediated by the primary cilia. We first examined whether tubular flow alters NO generation by the macula densa. DAF-2 is a nonratiometric fluorescent reporter of NO; consequently, monitoring precise changes in cell volume while increasing tubular flow is critical for accurate measurements of NO concentration (18, 31, 32) . We measured NO and cell volume simultaneously by using both DAF-2 and calcein-red, which was a modification from our previous methods (25, 26) . Changes in calcein-red emission were used as an index of changes of cell volume, which was used to calculate NO production by correcting the intensity of DAF-2 due to the volume effect. We found that tubular flow enhanced NO generation in macula densa and that selective NOS1 inhibitor 7-NI blocked the flow-induced NO. However, inhibition of NKCC2 with furosemide did not block the flow-induced NO generation. These observations suggested that the signaling pathway for the flow-induced NOS1 activation is different from that of TGF response, as we reported previously (23, 26) . To confirm that flow-induced NO generation does not depend on ion transporter activities, we replaced all electrolytes of the tubular perfusate with mannitol. Removal of electrolytes from tubular perfusate had no effect on flow-induced NO generation . In MMDD1 cells treated with a siRNA against ift88 to remove the primary cilia, the shear stress-induced NO generation was inhibited (**P Ͻ 0.01 vs. scrambled-siRNA-treated cells). in the macula densa, indicating that NOS1 was stimulated by tubular flow and was independent of ion transporter activities.
In previous studies, we and others reported that an increase of tubular NaCl concentration enhanced NOS1 activity and NO production by the macula densa (19, 26) . We further found that the increase in tubular NaCl concentration enhanced Na/H exchange, which raised macula densa pH i and contributed to the activation of NOS1 (23) . In the present study, we changed the tubular flow rate while the tubular NaCl concentration (80 mM) was fixed at a level to maximally stimulate TGF. Under these conditions, we did not expect to alter Na/H exchange. To confirm this, we measured pH i in the macula densa. We found that an increase of tubular flow per se had no effect on macula densa pH i , which further supported that the flow-induced NOS1 activation is involved in a separate signal pathway from the NaCl-induced NO generation by the macula densa.
The macula densa cells were exposed to at least three types of mechanical signals when luminal perfusion was switched from stationary luminal fluid (0 nl/min) to 40 nl/min. They are shear stress due to the flow, circumferential stress, and axial stress due to pressure gradient. To test whether an increase in shear stress per se is sufficient to increase NO generation in macula densa, we monitored the shear stress dependence of NO production in MMDD1 cells, a macula densa-like cell line, with or without intact cilia. We found that increases of shear stress enhanced NO generation in cultured MMDD1 cells. Primary cilia on the macula densa have been suggested as flow sensors in mice (47) . To test whether the cilia on the macula densa are required to mediate shear stress-induced NO production, a siRNA against ift88 was used to remove cilia in MMDD1 cells. Ift88 is a product of the Tg737 gene, which is required for assembly and function of primary cilia (62) . After siRNA treatment, shear stress-induced NO generation was significantly inhibited. These data indicate that shear stress-induced NO generation in MMDD1 cells requires intact cilia. Our findings are in agreement with previous reports that primary cilia serve as flow sensors in other tissues (8, 36, 61) . We noticed that the rate of NO generation was significantly reduced, but not abolished. It seems like this NO reflects the basal activity of NOS1 as a constitutively expressed and active enzyme. Because the siRNA had no effect on NOS1 expression, we do not think this was due to an off target effect of the siRNA. When the shear stress was increased in these cells, we observed an increase in NO generation, even though significantly less than control cells. The possible reason for the remaining response is that the cilia were not totally deleted, as noted in Fig. 4C . But we cannot exclude that other mechanisms in addition to the primary cilia may contribute to the increase in NO generation with flow, including cell deformation, which has been shown to activate several cell signaling pathways (7, 9) . Moreover, it should be noted that MMDD1 cells may not behave the same as native macula densa cells (13) . So the results obtained from MMDD1 cells need to be further confirmed in isolated perfused JGAs, if possible.
When electrolytes, including Ca 2ϩ were removed from tubular perfusate, increases in flow still enhanced NO generation by the macula densa. It seems that the signal pathway is independent of influx of Ca 2ϩ . However, the calcium concentration in the bath was still 1 mM, which leaves a possibility of Ca 2ϩ influx from basolateral membrane of the macula densa cells. In addition, we did not add calcium chelator in the "calcium-free" solution, in which the calcium concentration could reach micromolar concentrations (16, 30) , which is still higher than intracellular calcium concentrations at nanomolar concentrations. Therefore, the possible mechanism of ciliamediated NOS1 activation likely involves signal transductions that increases intracellular calcium concentrations mediated by either membrane calcium channels, such as polycystin cation channels, or calcium-induced intracellular calcium release.
Since NO is a well-established negative modulator of TGF, our findings suggest that flow-mediated increases in shear stress might attenuate TGF responsiveness. There has been a long-standing debate as to whether tubular flow rate has a direct effect on TGF responsiveness independent of changes in sodium concentration of the tubular perfusate. An increase in tubular flow typically initiates a TGF response by increasing luminal NaCl concentration to the macula densa and enhancing NKCC2-dependent transport. When NKCC2 was blocked by adding furosemide to the tubular perfusate, flow-induced constriction of the Af-Art was totally abolished (1, 3, 14, 45, 46,  58) . In such case, even though tubular flow enhances NO generation, the modulatory effect of NO on TGF cannot be observed because the TGF response is eliminated by furosemide.
In the present study, we took advantage of perfused JGA preparation, in which it is possible to directly measure NO production in macula densa, while the luminal shear stress is increased. We increased viscosity by adding dextran to the tubular perfusate to increase shear stress. It is known that increased perfusate viscosity by adding dextran will increase tubular hydraulic pressure and, thus, generate a pressure gradient across the macula densa. We minimized the increase in tubular hydraulic pressure by shortening the perfused distal tubule and TAL to less than 10 m, which was confirmed by directly measuring tubular hydraulic pressure. Intratubular hydraulic pressure was measured by the Landis technique, as in measuring perfusion pressure of the Af-Art (27, 38, 39, 49) , Using this approach, we could maintain a constant hydraulic pressure and minimize the changes in pressure gradient across the macula densa, while increasing shear stress at the macula densa. By using this setup, we were able to demonstrate that the increase of shear stress impairs TGF-mediated vasoconstriction of Af-Art. It is known that NO production from TAL is also flow-dependent (15, 35) , and the NO produced from TAL could modulate TGF response (55) . However, this is unlikely in the present study because the length of TAL in perfused JGA is very short. In addition, NOS1 inhibition with 7-NI totally blocked the increase in NO in the macula densa, which indicates that NO generated from endothelial NOS in the TAL does not contribute to the NO in the macula densa at least in our isolated perfused JGA preparation.
Our findings are not consistent with those of Sipos et al. (47) , who previously reported that direct stimulation of cilia on the macula densa cells activate, rather than inhibit, TGF using sophisticated and technically demanding methods. However, these studies were very different in several aspects. In the paper by Sipos et al., they removed TAL and exposed the apical side of the macula densa to the bath directly in some protocols. The primary cilia were directly stimulated by highvelocity flow from a pipette and mechanical bending with a pipette, which may intensely stimulate the cilia and macula densa cells and induce the release of adenosine or ATP that constrict the Af-Art. Beyond this, the main difference between the two studies was that 1 mM L-arginine was included in our tubular perfusate, whereas it was absent in the studies of Sipos et al. This is an important difference in the experimental approach in that previous studies by Ortiz et al. (34) indicated that L-arginine in the tubular perfusate is critical for the generation of NO in TAL, and we assume the same is true about the macula densa. Blockade of NO augments TGF responsiveness and eliminates the modulatory effect of NO on the TGF response. Thus, the macula densa preparations studied by Sipos et al. were likely NO-deficient. However, it could be interesting to further investigate the mechanisms for ciliamediated TGF regulation in conditions with and without NO generation by the macula densa in future studies.
Perspectives and Significance
In conclusion, we found that an increase in tubular flow blunts TGF-mediated vasoconstriction of the Af-Art, which is partially mediated by shear stress, and enhances NO production in the macula densa. We provided evidence that flow can activate primary cilia on the macula densa through an increase of shear stress, which enhances NOS1 activity and NO generation in the macula densa. This mechanism of TGF inhibition may be important for the elevations in GFR following a salt loading to facilitate sodium and water excretion. As the excess sodium load is excreted, flow rate to the macula densa returns to normal, and this flow-mediated modulation mechanism would be withdrawn, which allows restoration of TGF responsiveness to control GFR to avoid excessive sodium and water loss.
